A series of external contamination measurements were made on the Russian Mir Space Station. The Mir external contamination observations summarized in this paper were essential in assessing the potential system level impact of Russian Segment induced external contamination onto the International Space Station (155).
INTRODUCTION
As international agreements on the Russian participation in the International Space Station (155) program were finalized, the integration of Russian hardware with the 155 configuration became critical to the program. In the area of external contamination, it became necessary to assess the compatibility of Russian hardware with the 155 system level requirements1. Of primary importance was to maintain the environment specified in these requirements, as 155 hardware and payloads are designed to operate within this environment.
In order to assess Russian hardware compatibility, it was first necessary to characterize the contamination sources in the Russian hardware, analyze the contamination induced by these sources onto 155 contamination sensitive hardware, assess compliance with requirements and implications, and where necessary incorporate design changes.
The Russian Mir space station2 was the focal point of initial investigations on the induced contamination environment. Mir contamination observations were made during the 14-year lifetime of the station. These observations stem from a series of flight experiments: CNES Comes-Aragatz. NASA camera bracket. EuroMir '95 ICA and Russian Astra-il. Some of these experiments were flown during the NASA Phase 1 program. also known as the Shuttle-Mir program. External contamination data was collected during each of the 11 Space Shuttle flights, which span a four-year period.
It should be noted that several other external contamination flight experiments followed the ones listed here. However, their results were not available to support the initial efforts of integration of Russian hardware into the ISS.
CNES Comes-Aragatz Flight Experiment
The Comes-Aragatz flight experiment3 was deployed and retrieved during spacewalks 13 months apart (from December 9, 1988 to January 11. 1990 The bracket was made of aluminum coated with A-276 white paint. It was exposed to one Mit solar cycle (a period with no time-in-shadow lasting several days) on January 6, 1996. Temperature, atomic oxygen fluence and solar UV exposure were not estimated for the camera bracket.
The camera bracket side with the heaviest amount of contamination had a view of the Spektr module. The side with the lowest amount of contamination had a view of the Docking Module and the Krystal solar array, with a peripheral view of the Soyuz, Kvant and Mir Core Module.
X-Ray Photoelectron Spectroscopy (XPS), performed at the NASA White Sands Test Facility4, showed a contaminant deposit identified as an SiO, layer consistent with polymethylsiloxane and 5i02. The measured contaminant deposit thickness was 12,000 A (sample OO1B). A carbon-rich layer was also identified at the interface between the top layer and the bulk material.
While Sample OO1B showed a thick layer composed of silicon and oxygen with a carbon-rich layer at the interface with the bulk material, Sample 002B showed two distinct layers composed of silicon and oxygen separated by a carbon layer.
2.3
EuroMir '95ICA Flight Experiment
The ICA flight experiment5 was part of the EuroMir '95 ESEF (European Science Exposure Facility) platform. It began in September 1995 and was completed in March 1996. ICA Quartz Crystal Microbalance (QCM) mission data was available from October 1995 through January 1996. ICA was located on the end-cone ofthe Spektr module.
Two Quartz Crystal Microbalances (ICA QCMs 1 and 2) were directed along the Spektr module axis (at the time thought to be facing ram). One QCM (ICA QCM 3) was directed perpendicular to the Spektr axis (thought to be facing the nadir direction). The deposition levels for ICA QCMs 1 and 2 were similar to the levels measured in the retrieved camera bracket.
Russian Astra-il Flight Experiment
The Russian Astra-il flight experiment6 was also mounted on the end-cone of Spektr module, on the opposite side from the ICA flight experiment. Its QCMs were operational from June 1995 until the coffision with the Progress.
Astra-il employed two QCMs: KMV 2 (directed along the Spektr module axis, facing the Mit core) and KMV 1 (directed along a line perpendicular to the Spektr axis in the Zenith direction). Figure 5shows the Astra-il measurements: 
MIR ATTITUDE DATA
Developing an understanding of Mir ffight attitude regimes was essential in correlating external contamination observations. Of particular importance were the Mir solar cycles, periods of long duration sun exposure. Figure 6 shows the time-inshadow. A solar cycle is marked by no time-in-shadow for a period of several days. 
Mifi MATERIALS OUTGASSING RATE TEST DATA
Russian vacuum exposed materials used in large-surface area applications were identified, and further tested for chemical composition and characterization of condensable outgassing rates.
Materials condensable outgassing rate testing was performed according to ASTM E 1559. The tests were of long duration, typically 144 hours. Condensable outgassing rates were measured for a range of temperatures (material sample and QCM receivers). The outgassing rate data was curve fitted to account for time decay due to long on-orbit residence times. Figure 7 shows condensable outgassing rate test data for Mir materials used for large area applications: :: Ba (-4O3O) A PVC (2585) ,â<-573 (-25,15) S MI(-4O15G
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ANALYSIS OF MIR CONTAMINATION OBSERVATIONS
Once the available data is assembled with the attitude data, the correlation between the flight measurements and the time-inshadow emerges. As the time-in-shadow is reduced, measurements from the QCMs on the ICA and Astra-il flight experiments show increased deposition rates. This is consistent with the higher operating temperatures of vacuum exposed materials, which produce higher condensable outgassing rates. This is illustrated in Figures 8 and 9 : 1 AJBmkl (-10,30) is Gbtti (40. 30) .
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-5 Next, a reverse-engineering approach was used to determine the effective outgassing rates necessary to produce such observations. Each experiment was simulated using Mir geometric models in conjunction with the analysis tools and expertise of the 155 External Contamination Team.
Comes-Aragatz and Camera Bracket
The effective outgassing rates required to produce the contamination observed on the Comes-Aragatz experiment were estimated at 3.2 x 10h1 g/cm2/sec for the R side and 7.1 x 10h1 g/cm2/sec for the V side. The effective outgassing rate to produce the contamination observed on the camera bracket was estimated at 1 .2 x 10b0 glcm2/sec.
These results are consistent with typical large surface area Mir materials and coatings (such as the KO-5191 and AK-573 paints). KO-5191 (organic silicone based paint) was probably the major source of contamination since it coated a large composite section on the Mir Core Module that was viewed by the Comes-Aragatz experiment. Another silicone contamination source, although a lower order of magnitude contributor, is AK-573 (also an organic silicone based paint).
The PVC cable insulation and the BF-4 impregnated mesh (solar arrays) also contribute to contamination. However, these are hydrocarbon contamination sources. The carbon rich layers detected in the experiments may have been produced by these hydrocarbon contamination sources. It is possible that the hydrocarbon deposition rates exceeded the atomic oxygen erosion rates when these sources operated at elevated temperatures. A carbon rich layer can then be trapped if overcoated with a silicone based contaminant layer.
The Mir complex was considerably smaller during the time frame of the Comes-Aragatz experiment. This is consistent with the lower contamination measurements observed on the Comes-Aragatz samples. Further, results from the Comes-Aragatz experiment are consistent with the estimated exposure: V side received the least amount of atomic oxygen fluence and the highest amount of UV while maintaining lower temperatures.
The higher rate inferred from the camera bracket contaminant deposit layer is consistent with the higher source temperatures due to the Mir solar cycle and the fact that the Spektr module was a recent addition at that time.
5.2 ICA Flight Experiment (EuroMir '95) and Russian Astra-Il Flight Experiment
The significant increases in ICA QCM measurements correlate well with Mir attitude data and increase in temperature due to "solar cycles" (reduced time-in-shadow). Correlation of these measurements with time-in-shadow data and pressure measurements from within the Spektr endcone indicate that materials outgassing and contaminant deposit re-release due to surface heating arc the sources of contamination. Nov. 7-16, 1995 Jan. 7-11, 1996 12x101°7.8x1O1 The same type of analysis was used for the Astra-Il data. Figure 10 shows the view from the KMV2 Astra-LI QCM and calculated view factors to Mir hardware. The effective outgassing rates required to produce the contamination levels measured by the ICA and Astra-Il flight experiments are consistent with the outgassing rates for the PVC cable insulation, and the KO-5 191 and AK-573 Russian paints. These materials were used in large surface area applications of the Mir Space Station.
IMPLICATIONS TO THE INTERNATIONAL SPACE STATION
Based on the Mir contamination observations and materials testing. the ISS External Contamination Team was able to identify Mir contamination sources. Once Mir contamination sources were identified and characterized, activities to assess the implications to ISS were implemented. In conjunction and collaboration with scientists at RSC-Energia, modifications in Russian materials selection and usage were implemented to control contamination and mitigate risk to ISS.
As a result, changes were made to ISS Russian Segment hardware. For example:
• Teflon was selected as cable insulation material on the Russian Segment (instead of PVC which was used on Mir and exhibits ver high outgassing rates)
• were replaced with the lower-outgassing AK-512 on several surfaces with large vacuum 
